We consider optimal content caching based on their popularity so as to minimize the content delivery latency. We develop an Integer Linear Programming (ILP) optimization model and a heuristic algorithm to choose cached contents at each local server.
Introduction
According to Cisco Visual Networking Index (VNI) [1] , Content Delivery Networks (CDNs) [2] [3] will carry about 55% of the global IP traffic and half of the Internet traffic in 2018. Moreover, they suppose that the CDN traffic will grow at a compound annual growth rate (CAGR) of 34% from 2013 to 2018. One of the major functions of CDNs is to cache contents close to end users in order for fast access. Moreover, caching contents closer to end users can also reduce the amount of data delivered from an original content source to end users thereby saving network transmission capacity used. As video and high definition TV are major contents in the CDN, this study mainly focuses on a CDN delivering video streams. Fig. 1 illustrates an example of a hierarchical CDN, which consists of an original server, multiple local servers, and many end users associated with each of the local servers. The original server can be a mega data center with huge computing and storage capability which functions as the original source of all the contents. The local servers generally have limited computing and storage capability, which selectively cache the contents copied from the original server. To access certain content, each user will first contact its associated local server; if the local server has the content, it will deliver it to the user right away. However, if the local server does not carry the content, the user will be re-directed to the original server for the content. In most cases, we wish that each user can always be served by its associated local server for fast content delivery and minimization of data transmission between an end user and the original server. However, due to the limited caching capacity, it is impossible for a local server to cache all the video stream contents as in the original server. Thus, there is an important research problem on how to optimally choose cached contents in each of the local servers such that the average delivery latency for each user request can be minimized. To solve the problem, we develop an ILP model and an efficient heuristic algorithm. The simulation study shows that the heuristic algorithm is efficient to perform close to the ILP model. In addition, the effectiveness of the solution is verified by a Monte Carlo simulation to show that the predicted average content delivery latency is very close to that obtained by the Monte Carlo simulation.
Research problem and ILP Model
Based on the CDN architecture as shown in Fig. 1 , we define the research problem as follows. We assume that a CDN consists of an original sever, multiple local servers, and many end users. End users access different contents; their access patterns or frequencies will lead to different popularities of the contents. In order to denote the popularity of content for each user, we introduce a parameter called User Visit Popularity (UVP). According to the study in [4] , User Visit Popularity follows the Zipf distribution which is defined as follows: Among contents, the popularity of content has an access probability of , where is a normalized constant satisfying equation and is the distribution parameter (in this study we set ). In each local server, there is a limited caching capacity, and therefore only a limited number of contents (sources of video streams) that can be cached. We also assume that the delivery latencies from a local server to an end user and from the original server to an end user are given. The objective of the problem is to optimally choose the cached contents for each of the local servers such that the average content delivery latency is minimized. The solution to the problem is the contents that will be cached in each of the local servers. To solve the research problem, we develop an ILP model for optimal caching of contents in each local server. The ILP model is presented as follows.
Sets and parameters: is a set of contents provided by the original server, is a set of local servers deployed in the network nearby end users, and is a set of end users associated with local server . N is the maximal number of contents that can be cached at each local server, which is assumed to be the same for all the local servers.
denotes the UVP of content for user u associated with local server a. denotes the transmission latency of content from the original server to user u associated with local server a.
denotes the transmission latency of content from local server a to user u.
Variable: is a binary variable, which equals one if content c is cached in local server a; zero otherwise.
Objective:
Minimize (1)
Objective (1) is to minimize the total delivery latency for access of different contents by all the users in the whole network. The term finds the contributing delivery latency by content c for user u associated with local server a when he accesses the content. Constraint (2) ensures that the maximal number of contents cached at each local server never exceeds the size of N.
Heuristic algorithm based on content popularity
The ILP model can find an optimal solution for the contents cached at each of the local servers. For an even faster solution, we also develop a simple and efficient heuristic algorithm for content caching in the CDN which is based on the parameter User Visit Popularity (UVP). The steps of the heuristic algorithm are as follows.
Step 1 According to users' behavior of accessing each content, we predict or analyze the parameter of UVP for each user of accessing each content, i.e., .
Step 2
For each local server, we sum up UVPs of all the users that are associated with the local server for each content to find its popularity at the local server, i.e., .
Step 3
For each local server, we rank the UVP of each content from the highest to lowest to generate an ordered sequence, i.e., , in which . Step 4 Due to the limited caching capability at each local server, i.e., maximally N contents, we cached the first N most popular contents in at each local server.
With the above content configuration, when an end user sends a request to its associated local server, the server will check if it has the requested content; if so, it will deliver the content to the user within a short latency; otherwise, the user request will be re-directed to the original server and the user will get the content with a long latency.
Simulations and performance analyses
To evaluate the performance of the ILP model and the proposed heuristic algorithm based on content popularity, we performed tests based on a CDN in which we assume that there are 20 contents provided by the content provider and 10 local servers covering different geographic regions. The contents cached in the local servers are copied from the origin server. Each local server has 100 associated end users, which corresponds to a total of 1000 users in the whole CDN. To generate the content UVPs for each end user, we first employed the Zipf distribution to generate 20 random, and then shuffled these random values and sequentially assigned the values to each of the 20 contents. In addition, the delivery latency between a local server and an end user is assumed to be randomly within a range of [10, 50] ms, and between the original server and an end user is randomly within a range of [60, 100] ms. We employed the commercial software AMPL/Gurobi [5] to find the optimal solution to the ILP model and used Java to program the content popularity-based heuristic algorithm. For performance evaluation, we consider three content caching capabilities at each local server, i.e., maximally 5, 10, and 15 contents. Fig. 2 shows the average delivery latency of each content request under different content caching schemes. We compare the cases of caching contents based on UVP and random caching. For the former case, we implemented the ILP model ("UVP (ILP model)" in legend) and the heuristic algorithm ("UVP (Heuristic)" in legend) based on UVP. For the latter case, we randomly cache contents at each local server ("Random" in legend). Based on the results, we have the following key observations: (1) With the increase of caching capability at each local server, the average delivery latency decreases accordingly. This is reasonable since an increasing caching capability at each local server enables to cache more contents locally thereby increasing chances of delivering contents from a local server associated by a user and shortening the delivery latency. (2) Comparing the different content-caching schemes, we can see that the UVP-based schemes are efficient to achieve shorter average content delivery latencies than that of the random scheme by 12%~18%. (3) Moreover, for the UVP schemes, we see that the proposed UVP-based heuristic algorithm is efficient to perform close to the ILP model.
To verify the accuracy of the average delivery latency calculated by the different schemes, we also performed a Monte Carlo simulation [6] to simulate content requests and calculate their average delivery latency. Specifically, we randomly generate a content request, of which an end user u is randomly selected from the 1000 users and a content c is randomly selected from the 20 contents. For this random request, we will check the local server associated with user u to find if it caches content c; if so, the delivery latency is the transmission time from the local server to the end user; otherwise, the request is re-directed to the original server, which also has a corresponding delivery latency. We simulated 10 6 such content requests and averaged the delivery latencies of all the served requests. In Fig. 2 , we show the average content delivery latencies found by the Monte Carlo simulation, which include the cases of UVP-based ("UVP (Monte Carlo)" in legend) and random ("Random (Monte Carlo)" in legend) content caching at each local server. We can see that all the schemes can well match the average content delivery latency of the Monte Carlo simulation.
Conclusions
We proposed a content caching strategy to cache contents at each local server based on a parameter called User Visit Popularity so as to minimize the content delivery latency for the CDN. An ILP model and a heuristic algorithm based on such a strategy were developed to select contents cached at each local server. Simulation results show that compared to the case of random content caching at each local server, the proposed caching strategy can greatly reduce the average delivery latency of the whole network. In addition, the proposed UVP-based heuristic algorithm is efficient to perform close to the ILP model, and all the schemes are verified to be accurate to predict the delivery latency obtained by the Monte Carlo simulation.
